The unique electrical and optical properties of semiconductor and metal nanocrystals have been attracted for their potential applications in nanoelectronics, optoelectronics, catalysis, and biomedical imaging/therapeutics. [1] [2] [3] [4] [5] [6] [7] Since these properties are dramatically affected by the sizes and geometrical shapes of nanocrystals, various chemical synthetic strategies have been developed to precisely control the aforementioned factors. A representative approach to synthesize semiconductor or metal nanocrystals employs the reaction of precursors in solution phase at elevated temperature in the presence of organic stabilizing agents which prohibit severe aggregation of the produced nanocrystals 1, 3 Although this traditional synthetic method has successfully produced various nanocrystals having very narrow size distributions, the presence of organic molecules on their surfaces frequently causes problems as a significant barrier, for example, in electron and photon transports.
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The galvanic displacement, a mechanism-based nomenclature for the spontaneous metal nanocrystal formation, involves direct electron transfer from metal or semiconductor substrates (electron donors) to metallic precursor cations (electron acceptors) at room temperature according to their relative electrochemical redox potentials. A representative example of metal nanocrystals synthesized by the galvanic displacement is Au nanoparticles on germanium (Ge) surface. 8 In this case, the electrons spontaneously donated by Ge fully reduce Au 3+ ions into Au nanocrystals when both species are simply brought into contacts in aqueous solution. To take the best advantage of its simplicity, the galvanic displacement process has been mostly applied to synthesize monometallic noble metal nanocrystals such as Au, Ag, Pd, Pt, and etc. [8] [9] [10] [11] [12] [13] on Ge or other semiconductors such as GaAs, InP substrate, of which cations generally have significantly large positive standard reduction potential values. On the contrary, there is not much report about the formation of composite alloys which are of great interest from scientific and technological perspectives owing to their composition-dependent optical, catalytic, electronic, and magnetic properties. 14 Herein we introduce the spontaneous formation of Au-Pd alloys via galvanic displacement process, which is the first demonstration of organic-free bimetallic alloy crystals to the best of our knowledge. The galvanic displacement derived direct formation of Au-Pd bimetallic nanostructures on Ge substrate is confirmed by using scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and surface-enhanced Raman scattering (SERS). The organicfree Au-Pd alloys are anticipated to exhibit high catalytic activities on the conventionally applied reactions such as synthesis of hydrogen peroxide, 15 hydrodesulfuriztion of thiophene derivatives, hydrogenation of aromatics, 16, 17 and oxidation of alcohols to aldehydes.
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Experimental
Chemicals. HAuCl4 (99.9+%) and Na2PdCl4 (99.998%) were used as purchased from Aldrich. Other chemicals, unless specified, were reagent grade, and deinoized water (R > 18.0 MΩ) was used when preparing aqueous solutions. Ge wafers (Gadoped p-type Ge(100), resistivity: 0.005 -0.1 Ω·cm) were used as a substrate.
Preparation of Au-Pd alloy films. In a typical synthesis of Au-Pd bimetallic thin films, 100 µL of premixed aqueous solution of HAuCl 4 (concentration of stock solution: 5 mM) and Na2PdCl4 (concentration of stock solution: 5 mM) was added into 900 µL of deionized water to make the final 1 mM solution. To this solution, a piece of Ge wafer substrate precleaned with isopropanol and dried under N2 flow was immersed. After 12 hr, the Ge substrate containing Au-Pd bimetallic alloy films was thoroughly rinsed with deionized water to remove unreacted precursors, then dried under ambient conditions.
Characterization of Au-Pd alloy thin films. TEM images were obtained using a Philips CM 200 transmission electron microscope operating at 200 kV. High-resolution TEM (HR-TEM) and scanning TEM (STEM) images were acquired using a JEOL JEM-2100F (200 kV) transmission electron microscope equipped with a field emission gun and an ultra-highresolution observation system. This instrument includes a scanning image device to operate as STEM from TEM in a serial manner. It also possesses several atom level probes connected to Oxford INCA X-ray energy dispersive spectrometer and Gatan 2D digital-parallel acquisition software. The electron probe size and dwell time used in the STEM-EDS mapping experiments were 0.1 nm and 0.2 ms per pixel, respectively. The SEM and EDS data of the samples were taken with a field emission scanning electron microscope (FESEM, Phillips Model XL30 S FEG). The XRD patterns were obtained using a Bruker AXS D8 DISCOVER diffractometer with a Cu Kα (1.5406 Ǻ) radiation. For SERS measurements, Ge substrates containing Au, Pd, and Au-Pd bimetallic films were soaked in 1 mM 1,4-phenylenediisocyanide (1,4-PDI) in ethanol solution overnight, then washed with ethanol and dried under ambient conditions. Raman spectra were obtained using a Jobin Yvon/ HORIBA LabRAM spectrometer with 632.8 nm line of an aircooled He/Ne laser as an excitation source.
Results and Discussion
When a piece of Ge wafer was soaked into the solution of HAuCl4/Na2PdCl4 mixture, a thin film of Au-Pd bimetallic nanocrystals was readily formed on the Ge surface within 1 hr. As shown in Figure 1 , the resulting films are composed of numerous nanocrystallites while their morphologies are slightly but obviously varied according to the ratios of Au to Pd. As the content of a specific component in the mixed precursor solution is increased, the morphology of the product resembles that of its pure component. For example, the Au-Pd films prepared from the HAuCl4/Na2PdCl4 mixture solution having 3:1 molar ratio (Au-Pd (3:1) in Figure 1a ) shows individual nanocrystals with an average diameter of approximately 174 nm, which is similar to that of pure Au film of which average diameter is slightly lager (approximately 266 nm, Figure 1d) . Similarly, the Au-Pd film prepared from the HAuCl4/Na2 PdCl4 mixture solution having 1:3 molar ratio (Au-Pd (1:3) in Figure 1c ) displays similar morphology to that of pure Pd film (Figure 1e ) as satellite-type nanocrystal aggregations are found from both of them (for clarity, see the larger size SEM images ( Figure S1 ) in Supplementary Electronic Material). Meanwhile, the morphology of Au-Pd alloy prepared from Au-Pd (1:1) solution shows a unique morphology that is dissimilar to either pure Au or Pd (Figure 1b) . Note that the pure Au and Pd nanocrystal films were prepared by soaking Ge wafers into 1 mM of HAuCl4 and 1 mM of Na2PdCl4 aqueous solutions, respectively, at room temperature for 12 hr.
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solutions on a Ge substrate (Au/Pd, Figure 3g ), and (2) by sequential treatment with 1.0 mM Na2PdCl4 followed by 1.0 mM HAuCl 4 solutions on a Ge substrate (Pd/Au, Figure 3h ). 19 As shown in Figure 3g and h, four peaks in total corresponding to the peaks from individual Au (triangles) and Pd (circles) are simultaneously observed without a noticeable shift. Note that the small peaks at 38 o , 42 o and 49 o in Figure 3e (squares) are originated from GeO2 (JCPDS No. 04-0497). 20 The molar compositions of Au and Pd in the alloy thin films could be also estimated by the lattice parameter shifts calculated from the angular positions of the (111) diffractions according to Vegard's law. 21 The mole fractions of Pd in Au-Pd (3:1), Au-Pd (1:1), and Au-Pd (1:3) alloy thin films were estimated to be 0.26, 0.46, and 0.74, respectively, which agrees well with the aforementioned EDS results.
The successfully formed Au-Pd alloys would populate both Au and Pd on their surfaces. Such well-developed surfaces were evaluated by SERS measurements with 1,4-PDI as an adsorbate. It has been reported that isocyanides are readily adsorbed on noble metals such as Au, 22, 23 Ag, 24 Pd, 23 and Pt 25 through the metal-CN bonds, of which bonding types are distinctively different depending on the kinds of metal substrates. For example, isocyanides adsorb on Au and Pd surfaces via pure σ interaction and σ/π synergistic interaction, respectively. Therefore, the scattering peaks at various energies due to different degrees of bonding characters can become a signature for the surface nature. The surface of Au-Pd alloys adsorbed with 1,4-PDI would exhibit scattering features originated from both Au and Pd developed on the Au-Pd alloy surfaces. Indeed, significant differences were observed in the SERS spectra upon the adsorption of 1,4-PDI on Au, Pd, and Au-Pd alloy films. While the characteristic NC stretching band appeared at 1965 cm -1 (strong and broad) and 2120 cm -1 (very weak) on pure Pd surface (Figure 4a ), the corresponding peak appeared at 2170 cm -1 in the case of pure Au surface (Figure 4e ).
In contrast, the SERS spectra of 1,4-PDI on Au-Pd alloy films show peaks in two regions at around 1970 cm -1 and 2150 cm -1 which should be originated from Pd and Au, respectively (Figure 4b-d) . This result indicates that the surface of Au-Pd alloy is populated with both Au and Pd, which is in a good agreement with the previous report. 26 1,4-PDI molecules are supposed to adsorb on Au entirely at the on-top site, whereas both the on-top site and the 3-fold hollow site (open-faced trinuclear metal clusters) are occupied by 1,4-PDI molecules in the case of Pd surface. 23 When 1,4-PDI molecules bind to Au-Pd alloy particles, instead of simple mixture of Au and Pd particles, the adsorption of 1,4-PDI molecule would be more complicated due to the co-presence of preferred binding sites of which populations are significantly varied according to the population of exposed Au and Pd on the surface of Au-Pd alloy particles. Such a complicated adsorption phenomenon is an another indirect evidence for the successful formation of Au-Pd alloy particles, and indeed represented in the Raman spectra as a peak shift (red-shift toward lower frequency, Figure 4b -d) and peak split shown at near 2140 cm -1 (Figure 4d ).
The co-deposition of two different metal ions into alloys has been widely studied for various applications, which is frequently quoted as an anomalous electrodeposition due to its lack of understanding about the mechanism. [27] [28] [29] [30] Although the mechanism for the formation of Au-Pd alloy by the spontaneous reduction of AuCl4 -and PdCl4 /Pd = +0.591 V vs standard hydrogen electrode (SHE)) as shown in Figure 6 . 31 Then, Au deposits would catalyze the further re- /Ni = -0.257 V vs SHE). [33] [34] [35] For the similar sense, we cannot exclude another possible mechanism for the Au-Pd alloys that involves the first reduction of PdCl4 2-ions followed by the Au-Pd alloy formation through the spontaneous charge transfer from Pd 0 to AuCl4 -ions (E o for Pd + AuCl4 -⇄ Au + PdCl4 2-is +0.401 V).
Conclusions
The spontaneous formation of Au-Pd bimetallic films via galvanic displacement at room temperature was successfully demonstrated. The composition ratio of Au and Pd of the alloys are controlled by simply controlling the mole fractions of Pd to Au in the precursor mixture solution. The formation of AuPd alloys rather than individual Au and Pd monometallic nanocrystals was confirmed by the systematic shifts of XRD peaks of (111) and (200) planes and by the SERS intensity originated from the chemical interactions of 1,4-PDI on Au-Pd alloys. Since the Au-Pd alloys formed by the galvanic displacement are free from organic capping or structure directing molecules that may have played as a barrier for charge carrier mobility, they are expected to realize the performance improvement in various applications including nanoelectronics, catalysis, fuel cell, hydrogen sensor, and other related fields.
